Exercising in high environmental temperatures may cause precocious hyperthermia induced fatigue resulting in a decreased athletes' performance output. This systematic review with meta-analysis investigated the possible effects of pre-exercise cooling on performance output. This study was performed according to the PRISMA guidelines and the PICO-model was used to establish the research question. The Cochrane Risk of Bias Tool was applied to assess the validity of the included studies. Study eligibility was given when the studies compared the effects between any kind of pre-cooling and non-cooling strategies prior to exercise on performance output. Twenty-nine studies met the inclusion criteria for quantitative analysis. Risk of bias was high or unclear but the performance bias was low. The estimated standardized mean difference revealed that external pre-cooling (21 studies) enhanced performance (Hedges' g = 0.49 [95% CI: 0.33 to 0.64]), with the main effect observed in endurance cycling or running. Internal (7 studies) and mixed-method (5 studies) pre-cooling failed to significantly affect performance parameters. However, the main output parameter, evaluated in these studies, was peak power output. Subgroup analysis for different outcome measures was not possible because meaningful grouping was not plausible. Limitations of this meta-analysis were the high or unclear risk of bias and the comparability of the included studies. Future studies should also determine the effects of different pre-cooling applications on female and untrained participants. Based on the results of this meta-analysis, it can be concluded that there is some evidence in favour of external pre-cooling to avoid precocious hyperthermia How to cite this paper:
Introduction
High environmental temperatures may negatively influence the athletes' performance output due to precocious hyperthermia induced fatigue [1] [2] . Various studies have demonstrated that a hot environment is an important factor which may significantly reduce athletes' power output, especially in endurance sport types such as running sports [3] and cycling [4] [5] . At environmental conditions above 30˚C, core temperature over 40˚C and coinciding increased brain temperature, performance will be impaired [6] [7] [8] [9] . Under these circumstances, the athlete's thermoregulatory system will try to decrease core temperature to maintain physical performance. The most effective way of heat dissipation from the body is the evaporation of sweat, also in case of systemic diseases [10] . Therefore, the thermoregulation depends strongly on sweat production and sweat evaporation from the skin [11] [12] . Nybo et al. (2014) comprehensively reviewed the existing literature of the last century on the physiological mechanisms that lead to hyperthermia induced fatigue. The authors concluded that various interdepending factors, such as psychological factors, respiration, peripheral and central fatigue factors, neurobiological changes and cardiovascular changes may lead to precocious fatigue during prolonged exercise in the heat [1] . To combat the debilitating effects of hyperthermia induced fatigue, athletes were encouraged to acclimatize to hot environmental conditions [13] .
Another strategy to prevent hyperthermia induced fatigue is pre-cooling the body before exercising in the heat. The latter has been demonstrated to increase the heat storage capacity before a critical, performance limiting temperature is reached [14] [15] . As the temperature gradient between the body core and the skin narrows during exercise, blood flow of the skin must be increased to maintain the heat transfer [16] [17] . Additionally, heart rate must be increased for an adequate cardiac output [18] . Consequently, an artificially increased margin between the core temperature and the environmental temperature might be an important factor that leads to an advantage from pre-cooling on performance [19] . Another performance limiting factor seems to be the impaired cardiovascular function to maintain adequate oxygen delivery to the working muscles [18] [20]. Beside reduced metabolism, the increase of intramuscular temperature might lead to impaired mitochondrial functioning, disturbances of K + , Ca 2+ and phosphate homeostasis which leads to decreased muscle contractility [21] [22] [23] . Pre-cooling to maintain or enhance sports performance, is a practical on-field strategy for athletes because of its easy implementation during the
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warm-up period. Various forms of pre-cooling are already practiced and scientifically investigated. External pre-cooling strategies aim to reduce core temperature by decreasing skin and muscle temperature, including the use of ice-vests [24] , cold-packs [25] , cold-water immersion (CWI) [26] and combinations of cooling different body parts [27] . Internal pre-cooling aims to reduce core temperature and can be performed by ingesting cold water [28] or crushed ice [29] while mixed-method pre-cooling usually contains the combination of ingesting cold water or ice plus an additional partial body cooling application [30] . In a systematic review, Ross et al. (2013) evaluated the effectiveness of pre-cooling during field-based sports performance [31] . The findings of this study are in line with another meta-analytical review from Wegmann et al.
(2012) who indicated that the effects of pre-cooling on performance output are larger in hot (>26˚C) environmental conditions than under moderate (18˚C -26˚C) temperatures [32] . Although the bulk of literature is growing in this field, a consensus about which cooling method is the most effective [28] and which performance parameter is the most affected under hot temperature conditions is still lacking [2] . Therefore, the aim of this study was to systematically search and critically evaluate the current literature on the effects of external cooling, internal cooling and mixed-method cooling prior to exercise in comparison to non-cooling strategies on different performance parameters of humans exercising under "hot" as well as under "hot and humid" environmental conditions.
Methods
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shows the flow-chart of the selection process.
Data Extraction and Quality Assessment
Data extraction from the studies was performed by two researchers (EH, RC).
These authors extracted independently from each other the data into spreadsheets. This method was used to extract relevant data on study eligibility and content of the study (including the cooling procedure, environmental conditions, exercise protocols and outcome measures). In case of disagreement, a third researcher (RS) checked the variable in the original study and agreement was sought by consensus. The primary outcomes considered in this meta-analysis were time to finish or exhaustion, maximum speed, covered distance or PPO of a specified exercise task. Data were extracted at the end of the performance of a specified exercise. The methodological quality of the studies was assessed with the Cochrane Risk of Bias Tool [35] . Two researchers independently evaluated the 29 studies (RS, RC). A third researcher (EH) rated in case of disagreement and agreement was sought by consensus.
Data Analysis
Several meta-analyses and forest plot drawings were conducted using the Comprehensive Meta-Analysis software (CMA II, Biostat Inc., Englewood, NJ 07631, US). A priori it was decided to use a random-effects model because the studies under investigation were not exact replicates of each other. The DerSimonian and Laird inversed-variance method was used to calculate the weighting factors.
Because individual studies reported study results in different metrics, the calculated individual study effect sizes were standardized and expressed as Hedges' g to correct for overestimation of the true effect size in small study samples. The corresponding 95% confidence intervals (95% CI) around the individual studies effect sizes as well as around the overall weighted effect were calculated. The latter indicates the range in which the mean effect size may fall, based on the universe from which this set of studies was sampled. Cohen's benchmarking for the interpretation of the effect size was followed: g lower than 0.2 (neglible effect size), g between 0.21 and 0.49 (small effect size), g between 0.50 and 0.79 (moderate effect size), and g equal to or higher than 0.8 (very high effect size) [36] . The likelihood for publication bias was assessed only in the overall meta-analysis using the classic fail-safe N and the Duval and Tweedie's trim and fill methods [38] . Figure 2 depicts the Risk of Bias results of each included study and Figure 3 demonstrates the overview of all included studies for this analysis. Blinding of the participants was not possible in these studies. However, it was not always clear if other members of the research teams were blinded. Similarly, for nearly all other items (with the exception of reporting bias) the raters were uncertain.
Results
Risk of Bias Analysis
Thus, methodological issues in the studies under investigation may not be excluded. A low risk of reporting bias was observed in 90% of the analysed studies.
For the remaining three studies (10%), reporting bias remained unclear [39] [40]
[41]. Additionally, it can be observed that the risk for selection bias (93% for sequence generation and 97% for allocation concealment) detection bias (100% for blinding of outcome assessment) and other bias (100%) remained unclear.
Study Characteristics
In the present work, the results of eight studies with healthy and active volun- endurance cycling (k = 11) or running (k = 5), repeated cycling (k = 3) or running (k = 6) sprints and sport specific tasks (k = 4). Table 1 depicts a summary of the included studies.
External cooling techniques comprised of cooling vests (k = 4), local ice applications (k = 4), cold-water immersion (CWI; k = 3), combinations of external cooling (k = 11) and whole-body cryotherapy (WBC; k = 1). In total, 23 external cooling data sets were extracted from 21 studies.
Internal cooling techniques comprised of ingesting cold water (k = 3) and crushed ice/ice slurry/slushies (k = 4). In total, seven internal cooling data sets were extracted from seven studies. Mixed-method cooling comprised of the combination of ingesting ice slushies and waring cooling vests (k = 3) or ice towel applications (k = 2). In total, five mixed-method cooling data sets were extracted from five studies comprising of ingesting ice/drinking slushies and wearing cooling vests [39] [44] [45] or using ice towels [30] [46].
External-Cooling vs. Non-Cooling Strategies
In these analysis, the effects of external cooling was studied on following out- To test the hypothesis that external pre-cooling had an enhancing effect on performance parameters, an overall meta-analysis was conducted. This calculation showed that external pre-cooling techniques had a moderate but statistical significant effect on performance output compared to non-cooling strategies the effect size in most populations will fall, ranged from −0.17 to 1.14 Hedges' g.
To assess the risk for publication bias in this overall meta-analysis, a classic fail-safe N test was conducted and showed that 729 studies would be needed to bring p-value to >0.05. In addition, the Duval and Tweedie's trim and fill method revealed that only two small studies were missing to obtain funnel plot symmetry 
Internal-Cooling vs. Non-Cooling Strategies
Seven studies revealed the effect of internal pre-cooling on performance pa- . These results indicate that mixed-method pre-cooling is not superior compared to the non-cooling control group for enhancing performance. Subgroup analyses or meta-regression was not plausible to conduct due to the low number of studies included in this analysis.
Discussion
The aim of this systematic review and meta-analysis was to evaluate the effects of Figure 6 . Forest plot of the meta-analysis illustrating the overall weighted effect of internal cooling versus no cooling on performance parameters (The diamond on the bottom of the forest-plot represents the overall weighted estimate while the horizontal line through the diamond represents the 95% prediction interval). non-cooling strategies on different performance parameters in hot and humid environmental conditions. The analysis demonstrated that, prior to exercise tasks, external cooling methods had a significant better effect on performance parameters compared to non-cooling strategies. However, internal cooling and mixed method cooling strategies were not superior compared to non-cooling strategies to enhance performance.
External-Cooling vs. Non-Cooling Strategies
The overall weighted mean difference revealed a significant (p < 0.001) effect of pre-exercise external cooling applications on the performance output compared to non-cooling strategies. The observed effect size for this analysis was small Similar observations were already described in previously published studies [24] [59].
Pre-cooling demonstrated to be overall significant effective for running tasks (p < 0.001). Open-end exercise tests, like the determination of total running distance and running time to exhaustion seem to be primarily positive affected from pre-cooling (p < 0.001 and p = 0.003), especially under hot (ranging from 31˚C to 35˚C) and humid (ranging from 30% to 53%) conditions. However, the subgroup analysis demonstrated that it was ineffective to enhance running speed and sprint times and weight lifting. It has already been reported that decreased muscle temperature from excessive cooling can negatively influence voluntary force production and sprint performance [57] . Decreased tissue temperature has been shown to reduce nerve conduction velocity, muscle force production and muscular power [60] [61] [62] . These observations are in line with the findings of Galoza et al. (2011) , demonstrating that external pre-cooling failed to significantly affect weight lifting activity in the biceps brachii muscle compared to a non-cooling strategy [40] . However, it has to be taken into account that only one study was included in the subgroup analysis of the present meta-analysis for as- 
Internal-Cooling vs. Non-Cooling Strategies
The overall weighted effect indicated that internal pre-cooling is not effective vs.
non-cooling strategies (p = 0.05) to enhance performance under hot and humid environmental conditions. As it can be observed in Figure 6 , only two studies showed statistically significant effects, favouring internal cooling [15] [58]. Interestingly, these two authors investigated the effects on open-end protocols (time to exhaustion) during endurance running [15] and cycling [58] . The remaining included studies evaluated the effects on PPO [28] [29] [39] or speed factors [55] with no superior effect of pre-cooling with ice. These findings are in line with a comparable finding [32] . Other studies have already demonstrated that the effect of internal cooling is only limited. One main mechanism, which is not present after or during internal cooling methods, is the reduction of the shell temperature. This drop in temperature causes a redistribution of blood to the core, leading to a reduced heart rate [63] and a larger stroke volume [6] . However, the present study indicates that internal cooling can decrease core temperature. Reduced core temperature is well known to increase heat storage capacity [64] . However, a lower body core temperature may also reduce the participants' performance output due to central regulation mechanisms [65] because tissue temperature reductions will negatively influence the maximal loco-motor speed through reduced afferent and efferent signal transmission [66] . Muscle contractions produce heat inside the muscle, before any change in core temperature can be noticed. This muscle temperature rise increases the rate of force development of a muscle twitch with positive effects on power and 
Mixed-Method Internal and External Cooling vs. Non-Cooling Strategies
This meta-analysis could not demonstrate a statistically significant (p = 0.28) [44] . Therefore, an increase of the heat storage capacity seems to be more effective with acclimatisation to the heat than pre-cooling the body core and shell. Acclimatisation to the heat has various physiological advantages to enhance performance. One main factor is that the increase in core and skin temperature is attenuated through increased sweat rates [71] . Evaporative heat loss is the most effective way to release heat from the body [10] . Furthermore, the increased heart rate is also attenuated because of the increasing stroke volume during acclimatisation [71] . This might be one explanation why a positive effect of pre-cooling can rather be seen in aerobic exercises than in anaerobic exercise or power outputs. Muscle power depends strongly on the actual muscle temperature. Published data have already demonstrated that an increase in muscle temperature (through immersion in hot water) leads to higher vertical jump performances [72] . A similar positive observation has been demonstrated after warm water immersion prior to intensive cycling exercises on PPO [72] . As mixed-method cooling aims to lower tissue temperature it might be possible that cold has a negative effect on dynamic force production, as described earlier [73] . The occurrence of both detection and other bias remained unclear. Only the risk for reporting bias seems to be mainly low with only three unclear rated studies.
Limitations and Future Research
Due to these observations, it has to be taken into account, that the results of this meta-analysis can both either underestimate or overestimate the true intervention effect of pre-cooling on performance parameters. A previously published meta-analysis in the field of cooling reported already limitations according to possibly biased results of the included studies [74] . Considering this, the authors of the current study implemented the prediction intervals in the forest plots to
give the reader the possibility to observe the possible true effect sizes for each outcome in most populations. The included studies showed a broad variety of both endurance and sprint protocols, making meaningful subgroup analysis difficult or impossible (internal cooling and mixed-method cooling). Also the cooling protocols showed broad variety making direct comparisons difficult. International Journal of Clinical Medicine Furthermore, the included studies used primarily at least well-trained, male participants for their investigation of pre-cooling. It is still unclear, if the effects of pre-cooling, obtained from the current observations, can be extrapolated to male, untrained or even female participants. Future research is strongly advised to control for the systematic error (especially by eliminating selection bias, detection bias and other bias). Although the effects of pre-cooling on performance are more relevant in field settings than in laboratory settings, researchers should also take into account that these results can be hardly replicated or even compared to each other.
Conclusion
Based on the results of this meta-analysis, external pre-exercise cooling appears to be an effective intervention to enhance performance in hot (between 29˚C
and 34˚C) and humid (41% to 80%) conditions. Endurance running and cycling tasks were primarily affected from external pre-cooling. Combinations of external cooling applications, CWI and wearing cooling vests demonstrated to have the largest effects. Internal and mixed-method cooling demonstrated to have no main effect on performance enhancement, although internal cooling might have a significant positive effect on both cycling and running endurance tasks. However, it has to be considered that the main outcome parameter for internal and mixed-method pre-cooling was PPO. The low number of studies made an evaluation of the possible effects of internal and mixed-method pre-cooling on endurance performance impossible. The high and unclear risk of bias of the included studies has to be taken into account when using the current results, although the risk for publication bias was very low.
